Telomerase is a reverse transcriptase that uses an integral RNA molecule to add de novo G-rich repeats onto telomeric DNA, or onto nontelomeric DNA generated during chromosome fragmentation and breakage events. A telomerase-mediated DNA substrate cleavage activity has been reported in ciliates and yeasts. Nucleolytic cleavage may serve a proofreading function, enhance processivity or ensure that nontemplate telomerase RNA sequences are not copied into DNA. We identi®ed and characterized a human telomerase-mediated nucleolytic cleavage activity using enzyme reconstituted in a rabbit reticulocyte lysate in vitro transcription/translation system and native enzyme extracted from cells. We found that telomerase catalyzed the removal of nucleotides from DNA substrates including those that can form a mismatch with the RNA template or that contain nontelomeric sequences located 3¢ to a telomeric sequence. Unlike Tetrahymena telomerase, human telomerase catalyzed the removal of more than one nucleotide (up to 13) from telomeric primers. DNA substrates predicted to align at the 3¢-end of the RNA template were not cleaved, consistent with cleavage being dictated by the template 5¢-end. We also found some differences in the nuclease activity between RRLreconstituted human telomerase and native enzyme.
INTRODUCTION
Telomeres form a nucleoprotein complex at the ends of linear eukaryotic chromosomes that serves as a protective cap conferring chromosome stability (1) . Telomeric DNA is composed of G-rich repeated sequences (TTAGGG in vertebrates) and is a substrate for the ribonucleoprotein (RNP) enzyme telomerase. Telomerase mediates de novo addition of telomeric TTAGGG DNA repeats onto the 3¢-ends of chromosomes allowing the maintenance of telomere length and the long-term proliferation of eukaryotic cells (2, 3) . In addition to elongating pre-existing telomere tracts, telomerase can also catalyze the synthesis of telomeric DNA onto nontelomeric DNA sequences generated by chromosome fragmentation and breakage events (4±7).
The human telomerase enzyme is minimally composed of a protein catalytic subunit, the telomerase reverse transcriptase (hTERT), and the telomerase RNA (hTR) that is used as a template for telomeric DNA synthesis (8) . The expression of hTERT and hTR in a rabbit reticulocyte lysate (RRL) in vitro transcription/translation system is suf®cient to reconstitute enzyme activity (9, 10) . hTR contains a short template sequence of 11 nucleotides complementary to the telomeric repeats (8, 11) . Telomerase elongation and substrate speci®city have been characterized in vitro for a wide range of organisms including protozoa, yeast and human (4,12±16). Short singlestranded oligonucleotides containing bases complementary to the template region can serve as telomerase substrates in a DNA primer extension (conventional) assay (14, 17) . During telomere repeat synthesis, the 3¢-end of the DNA substrate anneals to the telomerase RNA template. Nucleotides are added to the DNA until the 5¢ terminus of the template sequence is reached; subsequently, the newly synthesized 3¢-end of the substrate is repositioned at the beginning (3¢ terminus) of the template (18) . Repeat addition processivity, de®ned as successive rounds of nucleotide addition and primer translocation, is a key feature of most telomerase enzymes. The 5¢-end of the substrate is also thought to bind an anchor site contributing to telomerase processivity (4,12,13,16, 19±21) .
Like a number of DNA and RNA polymerases, telomerase exhibits a DNA substrate cleavage activity in addition to its polymerase function (22, 23) . In Euplotes crassus, Tetrahymena thermophila, Schizosaccharomyces pombe and Saccharomyces cerevisiae, telomerase cleaves DNA substrates bound via the template sequence of the telomerase RNA (20,24±27) and the cleavage can occur by an endonucleolytic mechanism (25, 27) . There is some evidence that this cleavage activity is inherent to telomerase. Nuclease activity remains associated with the telomerase complex after extensive puri®cation (28) . Cleavage patterns are also altered in speci®c ways when the telomerase enzyme contains a telomerase RNA mutated in the template sequence (29) . RNA sequences outside the template can also in¯uence telomerase cleavage activity (30) . Moreover, expression of Tetrahymena TERT and TR in RRL is suf®cient to reconstitute cleavage activity (31) . Several primers have been tested and reported to be substrates for cleavage. Primers containing bases that can form mismatches with the RNA template sequence are cleaved; cleavage occurs preferentially at the junction of match-mismatch between the primer and the template (20, 25, 27, 28) . In E.crassus, telomerase can also remove 3¢-terminal nontelomeric DNA from a primer to expose telomeric sequences for elongation (25, 28) .
The nucleolytic cleavage activity of vertebrate telomerase has not been characterized. In this study, we report the characterization of a human telomerase-mediated nucleolytic cleavage activity using enzyme reconstituted in RRL and native enzyme extracted from cells. We demonstrated that telomerase catalyzes the removal of 1 to 13 nucleotides from telomeric substrates that can align at, or beyond, the 5¢-end of the RNA template sequence, that can form a mismatch with the RNA template, or that contain nontelomeric sequences located 3¢ to a telomeric sequence. DNA substrates predicted to align at the 3¢-end of the RNA template are not cleaved, consistent with cleavage being dictated by the template 5¢-end. We also found some differences in the nuclease activity between RRL-reconstituted human telomerase and native enzyme partially puri®ed from 293 cells.
MATERIALS AND METHODS

Oligonucleotides
Gel-puri®ed 5¢-biotinylated oligonucleotides were obtained from Operon (Alameda, CA) and resuspended in water. To generate the radiolabeled size markers carrying a 3¢-terminal dideoxynucleotide, 5¢-biotinylated oligonucleotides were 3¢-end labeled using terminal deoxynucleotidyltransferase (Invitrogen) and [a-32 P]dATP (cordycepin: NEN Life Science Products) for 30 min at 37°C, followed by DNA precipitation. The modi®cation`revdT' is a non-nucleosidic group linked at the 3¢ terminus of the oligonucleotide that blocks any polymerase extension (Operon).
Plasmid constructions
The construction of the pET28b-hTERT and phTR+1 expression plasmids has been described previously (32, 33) .
In vitro transcription/translation
The RRL in vitro T7-coupled transcription/translation system (Promega) was used as described previously (17, 34) . Full length hTERT was synthesized in RRL in the presence of puri®ed hTR. hTR was synthesized and puri®ed on RNeasy spin columns (Qiagen) from FspI-linearized phTR+1 plasmid (34) .
DNA primer extension assay
A non-PCR-based telomerase elongation assay was performed (14, 17) . hTERT protein expressed in 20 ml RRL in the presence of hTR was assayed for telomerase activity in a 40 ml ®nal volume reaction using a gel-puri®ed 5¢-biotinylated oligonucleotide (Operon). Standard reaction conditions have been described previously (17) . The proteinase K solution was 10 mM Tris±HCl pH 7.5, 0.5% SDS, 0.3 mg/ml proteinase K. The elongation products immobilized on magnetic beads were washed twice with buffer A (10 mM Tris±HCl pH 7.5, 1 M NaCl, 0.5 mM EDTA), once with buffer B (10 mM Tris±HCl pH 7.5) and analyzed by 8 or 10% polyacrylamideurea gel electrophoresis. The relative amount of cleavagederived products, expressed by the ratio of cleavage products/ elongation products, was determined by densitometric analysis of the autoradiographs (ImageQuant software, Molecular Dynamics). The total counts for each signal were normalized to the amount of transcripts by dividing each product signal by the number of dGTPs it contains. The ratio was calculated using the normalized signals of the major elongation products above the input primer and the major cleavage products below the input primer.
Human telomerase extracts
The preparation of partially puri®ed 293 cell extracts has been described previously (32) . DNA primer extension assays were performed with 20 mg of this cellular extract as described above.
RESULTS
3¢-end cleavage of telomeric DNA substrates
Nucleolytic cleavage of DNA primer substrates can be reconstituted by expressing Tetrahymena TERT in the presence of TR in a RRL in vitro transcription/translation system, and detected using a DNA primer extension (conventional) assay (31) . This result suggests that the DNA cleavage may be dependent on the minimal components required for telomerase activity, TERT and TR. To identify and characterize a human telomerase-mediated nucleolytic cleavage activity, we ®rst reconstituted human telomerase in RRL by expressing hTERT in the presence of hTR, and performed a DNA primer extension assay using different 5¢-biotinylated telomeric oligonucleotides (Fig. 1C) . As previously reported, RRLreconstituted human telomerase assayed by the primer extension method generates a ladder of elongation products with a six nucleotide pausing pattern (Fig. 1C, lanes 1, 2) (17, 35) . Processive elongation of DNA primers by the telomerase enzyme is observed as the addition of multiple telomeric repeats (Fig. 1C, lanes 1, 2) .
The Tetrahymena and Euplotes telomerase enzymes generate products that are shorter than the original oligonucleotide substrates, detectable as radiolabeled products that migrate below the input primers (20, 25 (Fig. 1D ). (G 2 T 2 AG) 3 G 2 T 2 A 2 G is predicted to form a mismatch with the RNA template (Fig. 1B) . Under standard reaction conditions, we observed radiolabeled primer-sized products or products below the input primers (Fig. 1C, lanes 1 , 2, 6, 7 and Fig. 1D, lanes 1, 4, 7, 10 ). This product pro®le results from the removal of one or several terminal primer nucleotides followed by incorporation of [a-32 P]dGTP during elongation by the telomerase enzyme. These short products were not visualized when 5¢-end radiolabeled (T 2 AG 3 ) 3 or 3¢-end radiolabeled 5¢-biotinylated (T 2 AG 3 ) 3 primers were added to RRL reactions in the absence of human telomerase components, even in the presence of dNTPs (data not shown) (17) . These radiolabeled primers were neither cleaved nor elongated. These observations suggest that short products are not generated by random nucleases that might be present in the lysate, and are consistent with cleavage being a telomerase-mediated process. Both telomerase elongation activity and the generation of products shorter than the input primer were hTERT and hTR dependent (Fig. 1C, lanes 3±5) , and RNase A and proteinase K sensitive (Fig. 1C, lanes 8±11) .
The ®rst major product generated by telomerase-mediated elongation of (T 2 AG 3 ) 4 is expected to be 28 nucleotides (nt) in length [primer(P)+4] (Fig. 1A) . This product results from enzyme pausing or dissociation upon reaching the 5¢-end of the RNA template ( Fig. 1A and D, lane 4) . Interestingly, telomerase reactions with this primer also led to the formation of cleavage-derived products 16 and 22 nt in length due to the removal of 9 and 3 nt, respectively (Fig. 1B and D, lane 4) . The length of shorter products suggested that cleavage occurred 3¢ to the A residue within the primer (Fig. 1B) . To characterize the short products and identify the position of the cleavage within (T 2 AG 3 ) 4 , DNA primer extension reactions were performed in the presence of the chain terminators ddATP or ddTTP. Substitutions of dATP with ddATP or TTP Figure 1 . Cleavage of telomeric 3¢-ends. (A and B) Potential alignments of various telomeric oligonucleotides (tested in C and D) with the hTR template, before and after translocation. Compared to (G 2 T 2 AG) 4 , (G 2 T 2 AG) 3 G 2 T 2 A 2 G has an extra A predicted to form a mismatch with the RNA template. Italicized letters represent nucleotides added by the telomerase enzyme onto the 3¢-end of the primer during the elongation step. The diagram implies that cleavage and nucleotide addition to the RNA template 5¢-end precede translocation. P: primer length. ddA and ddT: dideoxyATP and dideoxyTTP. Numbers in A±D represent the lengths of the primers, elongation or chain termination products. The proposed cleavage site is shown by the vertical arrow. Asterisks indicate the positions of the ®rst ddA or ddT incorporated during the DNA primer extension assay. (C and D) DNA primer extension assays were performed with the indicated oligonucleotides using RRL-reconstituted telomerase enzyme. The elongation products were resolved on 8% polyacrylamide-urea gels and subjected to autoradiography. The 3¢-end radiolabeled 5¢-biotinylated primers, (T 2 AG 3 ) 3 and (T 2 AG 3 ) 4 , migrate, respectively, as 19 and 25mers [P(18)+1 and P(24)+1, respectively].
Nucleic Acids
with ddTTP in the conventional assays generated speci®c chain termination products of different sizes ( Fig. 1B and D, lanes 5, 6). In the absence of cleavage, chain termination products would be undetectable since the incorporation of ddATP or ddTTP prevents the incorporation of [a-32 P]dGTP (Fig. 1A) . Therefore the chain termination products we detected were generated by cleavage followed by subsequent addition of radiolabeled dGTP and ddATP or ddTTP onto the primer (Fig. 1B) . These reactions also generated cleavagederived products 16 and 22 nt in length resulting only from the incorporation of [a-32 P]dGTP (Fig. 1D, lanes 5, 6) . The results of this experiment indicated that 3 or 9 nt could be cleaved from the 3¢-end of (T 2 AG 3 ) 4 depending on the potential alignments of this oligonucleotide with the RNA template, including alignment of the primer beyond the RNA template 5¢-end (Fig. 1B) .
Primer extension reactions were also performed with (T 2 AG 3 ) 3 , (G 2 T 2 AG) 4 or (G 2 T 2 AG) 3 G 2 T 2 A 2 G (Fig. 1D , lanes 1±3, 7±12). Reactions conducted with (T 2 AG 3 ) 3 generated cleavage-derived products 16 nt in length consistent with the removal of 3 nt from the 3¢-end of the primer ( . These reactions also generated cleavagederived products 16 nt in length resulting only from the incorporation of radiolabeled dGTP (Fig. 1D, lanes 2, 3) . Reactions with (G 2 T 2 AG) 4 or (G 2 T 2 AG) 3 G 2 T 2 A 2 G (which forms a mismatch with the RNA template) generated cleavage-derived products 24 (primer-size), 18 and 12 nt in length (Fig. 1D , lanes 7, 10), consistent with the cleavage of 1, 7 or 13 nt, depending on the primer alignments with the RNA template (Fig. 1B) . Substitutions of dATP with ddATP or TTP with ddTTP in the telomerase assays using (G 2 T 2 AG) 4 or (G 2 T 2 AG) 3 G 2 T 2 A 2 G as substrates generated chain termination products of 29, 23 and 17 nt (with ddATP: Fig. 1D, lanes  8, 11) or 27, 21 and 15 nt (with ddTTP: Fig. 1D, lanes 9, 12) , as well as cleavage-derived products 24, 18 and 12 nt in length resulting only from the incorporation of [a-32 P]dGTP (Fig. 1D,  lanes 8, 9, 11, 12 ). The length of cleavage-derived and chain termination products suggests that cleavage occurred 3¢ to the TTA residues within the telomeric sequence primers (Fig. 1B) .
Effects of different reaction conditions on telomerase-mediated primer cleavage
Previous studies in Tetrahymena, Euplotes, yeast and human have shown that an increase in either dGTP or primer concentration in the telomerase assay affects the nucleolytic primer cleavage activity as well as the processivity of the telomerase enzyme (14, 27, 31, 36, 37) . To determine whether the extent of cleavage is affected by these reaction conditions, we varied either the concentration of dGTP or primer in the telomerase reactions using RRL-reconstituted human telomerase. Unlabeled dGTP was used to increase the total concentration of dGTP from 1.25 to 13.75 mM, which did not affect the relative amount of cleavage-derived products, but promoted the generation of longer products, consistent with an increase in enzyme processivity ( Fig. 2A) . A similar increase in processivity also occurred by varying the (T 2 AG 3 ) 4 concentration from 0.25 to 5 mM, but the relative amount of cleavage-derived products was also not affected (data not shown).
We speculated that cleavage could be due to pyrophosphorolysis. This reaction can occur when the base at the 3¢ terminus of a DNA chain reacts with pyrophosphate ions in solution to generate a free dNTP molecule and a DNA chain that is one base shorter. As we observed the removal of 3 or 9 nt from (T 2 AG 3 ) 4 , the cleavage activity we have described is not likely to be due to pyrophosphorolysis. Moreover, the addition of 5 U of pyrophosphatase, an enzyme used to inhibit pyrophosphorolysis, did not abolish the cleavage of (T 2 AG 3 ) 3 (data not shown).
To further characterize the cleavage reaction, we assayed a telomeric oligonucleotide substrate containing a modi®cation that prevents chain extension [(T 2 AG 3 ) 3 revdT]. This oligonucleotide can only be elongated by the telomerase enzyme if the chain terminating modi®cation is removed. Primer extension assays performed with (T 2 AG 3 ) 3 revdT in the presence of either dNTPs or ddNTPs generated cleavage-derived products 16 nt in length, consistent with the removal of 3 nt prior to elongation (Fig. 2B, lanes 6±8) . Telomerase-mediated primer cleavage is speci®ed by primer alignments with the hTR template sequence
In Tetrahymena and Euplotes, primer±RNA template interactions regulate telomerase-mediated nucleolytic cleavage activity (20, 25, 28) . In general, mismatches between the primer and the RNA template sequence promote primer cleavage at the junction of match-mismatch. As previously described in Figure 1 , cleavage of (G 2 T 2 AG) 3 G 2 T 2 A 2 G, a primer which can form a mismatch with the RNA template, produced products 24 nt in length. Such products would be generated by the removal of the last two 3¢ nucleotides prior to the incorporation of [a-32 P]dGTP during DNA synthesis (Fig. 1D, lane 10) . Moreover, certain primers containing nontelomeric sequences that are predicted to form mismatches with the RNA template are also good cleavage and subsequent elongation substrates for Euplotes telomerase (25, 28) . These primers consist of an internal telomeric cassette¯anked by nontelomeric DNA sequences. Euplotes telomerase can remove the 3¢ nontelomeric sequences to expose the telomeric sequences for elongation. RRL-reconstituted human telomerase was assayed using primers [CACTATCGAC-G 3 T 2 A-CAT] and [CACTATC-G 3 T 2 A-GATCAT] abbreviated as (10-G 3 T 2 A-3) and (7-G 3 T 2 A-6), respectively (the telomeric cassettes are indicated in bold). These primers are predicted to align with the RNA template as indicated in Figure 3A . Telomerase reactions performed with (10-G 3 T 2 A-3) or (7-G 3 T 2 A-6) led to the formation of products that were shorter than the input primer at 17 and 14 nt, respectively (Fig. 3B, lanes 2, 3) . Product size was consistent with primer cleavage occurring 3¢ to the telomeric cassette to remove the 3¢ nontelomeric sequences (3 or 6 nt). Substitutions of dATP with ddATP or TTP with ddTTP in telomerase assays con®rmed that 3 or 6 nt were removed, eliminating the nontelomeric DNA before the initiation of DNA synthesis (Fig. 3A and data not shown) . 
Nucleic Acids
To determine whether nucleolytic cleavage activity is dictated by the alignment of the primer substrate at the 5¢-end of the RNA template, we tested an oligonucleotide [(TG) 8 TAG] that mimics a primer predicted to align at the 3¢-end of the Tetrahymena telomerase RNA template (Fig. 3A ) (20) . Primer extension reactions with RRL-reconstituted human telomerase did not generate primer-sized products (19 nt) or products below the input primer, but favored the direct extension pathway leading to the formation of products b20 nt in length (Fig. 3B, lanes 5±7) . This primer generated a six nucleotide pausing pattern starting at 25 nt as expected if it is aligned with the template RNA 3¢-end 3¢-(A)AUC-5¢ (Fig. 3A) . These results are comparable to those obtained with Tetrahymena telomerase and a similar primer [(TG) 8 TTG], supporting the predicted alignment of the (TG) 8 TAG with the 3¢-end of the RNA template (20) .
The cleavage activity does not appear to ful®ll a classical proofreading function since entirely telomeric substrates are cleaved ( Fig. 1) (20, 25) . In Euplotes, de novo telomere formation is extremely precise, where all new telomeres start with the sequence 5¢-GGGGTTTT-3¢ (7). We speculated that the preferred substrate for elongation might be one ending with GGGTTA, and predicted that such a substrate might not be cleaved. We assayed (G 3 T 2 A) 4 and found that RRLreconstituted human telomerase favored the direct extension pathway leading predominantly to the formation of products b25 nt in length (Fig. 3B, lane 9) . The generation of shorter products 13 and 19 nt in length derived from the cleavage of 12 and 6 nt from (G 3 T 2 A) 4 was reduced compared to the generation of shorter products derived from the cleavage of (T 2 AG 3 ) 4 (Fig. 3B , compare lane 8 with lane 9). The sizes of the cleavage-derived products and the chain termination products generated when substituting dATP with ddATP or TTP with ddTTP were consistent with the potential alignments of the (G 3 T 2 A) 4 with the RNA template (Fig. 3A) , and a nucleolytic cleavage activity that occurs 3¢ to the A residue. We also found that the cleavage of the telomeric primer [(AG 3 T 2 ) 3 ] was reduced compared to the cleavage of (T 2 AG 3 ) 4 (data not shown). The reduced cleavage of certain telomeric primers may suggest that these primers are preferred elongation substrates. Alternatively, these primers may preferentially align such that their 3¢ sequences do not extend beyond the 5¢-end of the template (Fig. 3A) .
Primer length requirement of the telomerase-mediated cleavage reaction
Previous studies have shown that the ef®cient extension of different length oligonucleotides by human and Tetrahymena telomerases is dependent on telomerase assay reaction conditions (12, 15, 20, 31) . We determined the primer length requirement of RRL-reconstituted human telomerasemediated nucleolytic cleavage activity under our standard reaction conditions. We tested primers containing different numbers of the same telomeric repeat permutation: [(G 2 T 2 AG) 4 , (G 2 T 2 AG) 3 , (G 2 T 2 AG) 2 , (G 2 T 2 AG)] and primers shorter than (G 2 T 2 AG) 2 designed by removing one to six nucleotides from the 5¢-end (Fig. 4) . We found that primersized cleavage-derived products could be visualized in telomerase reactions with primers 9 nt in length or longer (Fig. 4, lanes 2±7 ). Primers 6, 7 and 8 nt in length were weakly elongated under standard reaction conditions (Fig. 4, lanes   9±11 ). Upon a 3-fold increase in the primer concentration, it was possible to detect primer-sized products with the 8 nt primer (Fig. 4, lane 13) . However, under the same reaction conditions, we could not con®rm cleavage of the 6 and 7 nt primers due to their less ef®cient elongation by telomerase and to the altered mobility of the lowest products derived from these primers (Fig. 4, compare lanes 10, 11 with lanes 14, 15) .
Mechanism of telomeric substrate cleavage
Characterization of E.crassus and S.cerevisiae telomerases indicates that the primer cleavage proceeds by an endonucleolytic mechanism. Since human telomerase-mediated primer cleavage activity eliminates nucleotides that are complementary to the template residues, it did not seem to use a classical proofreading mechanism. Therefore we were also interested to determine whether the cleavage activity proceeds by an endonucleolytic mechanism. We designed oligonucleotides containing a phosphorothioate group (represented by an asterisk), a nuclease-resistant phosphodiester substitution that replaces an oxygen of the phosphodiester bond with a sulfur group. Primer extension telomerase assays performed with (T 2 AG 3 ) 4 resulted in the removal of 3 and 9 nt, generating cleavage-derived products 22 and 16 nt in length as described previously (Fig. 5, lane 1) . (T 2 AG 3 ) 4 was modi®ed to contain a phosphorothioate substitution three nucleotides [(T 2 AG 3 ) 3 T 2 A*G 3 ] or one nucleotide [(T 2 AG 3 ) 3 T 2 AG 2 *G] from the 3¢ terminus, respectively. An endonucleolytic cleavage reaction eliminating 3 nt would be affected by the nuclease-resistant substitution located three nucleotides from the 3¢-end of (T 2 AG 3 ) 3 T 2 A*G 3 . However, the endonucleolytic cleavage removing 3 nt should still proceed if the same modi®cation is located one nucleotide from the 3¢-end of (T 2 AG 3 ) 3 T 2 AG 2 *G. Primer cleavage was similarly abolished by the modi®cations at either position and led to the formation of products b28 nt in length (Fig. 5, lanes 2, 3) . Cleavagederived products 16 nt in length generated by the removal of 9 nt from (T 2 AG 3 ) 4 were also inhibited by the modi®cations at the same positions, suggesting that the cleavage proceeds by an exonucleolytic mechanism. Substitutions of dATP with ddATP or TTP with ddTTP in telomerase assays generated no detectable chain termination products due to the incorporation of ddATP or ddTTP prior to the incorporation of [a-32 P]dGTP (data not shown). These results were consistent with an inhibition of primer cleavage prior to the elongation.
To determine whether the telomerase-mediated cleavage activity proceeds by an exonucleolytic mechanism, we designed an oligonucleotide carrying a phosphorothioate substitution located nine nucleotides from the 3¢-end of (T 2 AG 3 ) 2 T 2 A*G 3 T 2 AG 3 . We predicted that the removal of 9 nt but not 3 nt from the 3¢-end of (T 2 AG 3 ) 2 T 2 A*G 3 T 2 AG 3 would be affected by the nuclease-resistant substitution if the cleavage was exonucleolytic. However, the internal modi®c-ation in (T 2 AG 3 ) 2 T 2 A*G 3 T 2 AG 3 abolished the cleavage and inhibited the removal of both 9 and 3 nt and the generation of both shorter products 16 and 22 nt in length (Fig. 5, lane 4) . If the cleavage activity is exonucleolytic, we might also expect to see products derived from the removal of fewer than 3 nt for both (T 2 AG 3 ) 3 T 2 A*G 3 and (T 2 AG 3 ) 2 T 2 A*G 3 T 2 AG 3 and products derived from the removal of fewer than 9 nt for the latter primer. However, such products were not detected. These results do not con®rm that the cleavage mechanism is exonucleolytic. However, they do not support an endonucleolytic mechanism. Our results raise the possibility that cleavages at multiples sites, whether exonucleolytic or endonucleolytic, might not be independent.
Cleavage activity of endogenous human telomerase RRL-reconstituted human telomerase functions similarly to endogenous telomerase with respect to the basic in vitro elongation. However, a comparison of RRL-reconstituted Tetrahymena telomerase to endogenous enzyme has revealed some differences, including differences in repeat addition processivity (31, 37, 38) . To identify and characterize endogenous human telomerase-mediated nucleolytic cleavage activity, we performed primer extension assays using native telomerase enzyme partially puri®ed from 293 cell extracts. As shown in Figure 6 , endogenous telomerase catalyzed nucleolytic primer cleavage under standard reaction conditions. We tested a series of oligonucleotides that we had characterized for cleavage using RRL-reconstituted human telomerase. (T 2 AG 3 ) 3 and (T 2 AG 3 ) 4 were cleaved and native telomerase generated cleavage-derived products of the same length (16 and 22 nt) as those generated by RRL-reconstituted telomerase (Fig. 6, compare lane 1 with lanes 2, 3) . Telomerase reactions were also performed with (T 2 AG 3 ) 4 using different concentrations of dGTP or primer as those we used with RRL-reconstituted human telomerase. The relative amount of cleavage-derived products was not affected (data not shown).
Similar to our previous results using RRL-reconstituted human telomerase, (TG) 8 TAG and (G 3 T 2 A) 4 were not cleaved and the native enzyme favored the direct extension pathway leading to the formation of products b20 or 25 nt in length, respectively (compare Fig. 3B, lanes 5, 9 with Fig. 6, lanes 7,  8) . However, (G 2 T 2 AG) 3 and (G 2 T 2 AG) 4 were also cleaved, but generated only primer-sized products (compare Fig. 4,  lanes 2, 3 with Fig. 6, lanes 4, 6) . These results differ from those obtained using RRL-reconstituted telomerase enzyme where more than one nucleotide were cleaved from these primers. To determine whether primers containing nontelomeric sequences are also good cleavage substrates for endogenous human telomerase, we performed telomerase reactions with (10-G 3 T 2 A-3) or (7-G 3 T 2 A-6). Such reactions also generated products at 17 and 14 nt, respectively, corresponding to the cleavage of the nontelomeric sequences (3 or 6 nt) by the enzyme (compare Fig. 3B, lanes 2, 3 with  Fig. 6, lanes 14, 15) . Lastly, to determine whether native human telomerase mediates telomeric primer cleavage via an endonucleolytic mechanism like other endogenous telomerase enzymes, we performed telomerase reactions with telomeric primers containing phosphorothioate substitutions. Native telomerase generated similar products as the RRL-reconstituted telomerase enzyme with the modi®ed primers, suggesting that human telomerase may mediate cleavage by an exonucleolytic mechanism (compare Fig. 5 , lanes 2±4 with Fig. 6, lanes 10±12 ).
DISCUSSION
Properties of the nuclease activity described in our studies suggest that the cleavage reaction is dependent on human telomerase and not a nonspeci®c nuclease. First, our data indicate that the cleavage reactions occurring with RRLreconstituted human telomerase and native enzyme share some common features. Similar to RRL-reconstituted Tetrahymena telomerase (31), the human TERT and TR expressed in RRL appear suf®cient to cleave a primer DNA substrate. Second, end-radiolabeled primers that are incubated with RRL in the absence of telomerase components are neither cleaved nor elongated. Third, the sites of cleavage within the primer DNA substrates are nonrandom, occurring 3¢ to the A residue in the human telomeric sequence repeat, GGTTAG, and appear to be dependent on the primer alignment with the 5¢-end of the template. Lastly, though we did not extensively purify human telomerase from 293 cells, primer cleavage and DNA synthesis appear to be functionally coupled following a partial puri®cation, suggesting that it is either an inherent property of the enzyme or is catalyzed by an associated factor.
Regulation of human telomerase-mediated cleavage by primer alignments with the RNA template Our studies indicate that primer±RNA interactions affect cleavage consistent with results of studies with yeast and ciliate telomerase-mediated nuclease activity (13, 20, 25, 28, 31, 39, 40) . The potential alignments of each primer with the RNA template allowed us to propose a potential cleavage site relative to the RNA template, between the U and C in the sequence 3¢-AAUCCCAAUC-5¢. The pausing pattern generated by the elongation of the cleavage-derived products is consistent with the addition of radiolabeled dGTP at the 5¢-end of the template after a cleavage event. A primer [(TG) 8 TAG] predicted to align at the 3¢-end of the RNA template is not cleaved by human telomerase, leading us to propose that primer cleavage is dependent on primer alignment with the RNA template 5¢-end. Similar locations in the Tetrahymena and E.crassus telomerase RNA template were reported to dictate cleavage (20, 25) , though alternate internal sites have also been observed to mediate cleavage in E.crassus (28) . Primers would be cleaved when they are aligned at the 5¢-end or beyond the 5¢-end of the template to ensure that only residues within the RNA template are copied during telomere synthesis.
Consistent with the potential alignments of primers with the 5¢-end of the template, the proposed cleavage site and a possible proofreading function, RRL-reconstituted and endogenous human telomerase catalyzed the removal of nucleotides that form a mismatch with the template similarly to Euplotes and Tetrahymena telomerase (20, 25) . Consistent with studies of Euplotes and yeast telomerase, our results indicate that human telomerase mediated cleavage at the junction of the telomeric and nontelomeric sequences (25, 27) . Thus the removal of mismatched sequences from telomerase substrates is consistent with a proofreading function for telomerase-mediated cleavage and the enzyme's high ®delity to retain only residues that are complementary to the template.
Role of telomerase-mediated cleavage activity in the generation of preferred substrates Cleavage of telomeric primers by Tetrahymena telomerase has been reported, but appears to be restricted to the removal of one nucleotide (20) . Unlike Tetrahymena telomerase, RRLreconstituted human telomerase catalyzed the removal of more than one nucleotide from primers containing permutations of 5¢-GGTTAG-3¢. We proposed above that several alignments of the (T 2 AG 3 ) 4 and (G 2 T 2 AG) 4 primers could occur relative to the RNA template to generate two or three different sizes of cleavage-derived products, respectively. Some of the shorter products would thus be generated by cleavage of sequences that extend past the 5¢-end of the RNA template, as has been documented for Tetrahymena telomerase (20) . However, the function for the cleavage of telomeric primers and their cleavage at multiple sites is unclear. Figure 6 . Telomerase-mediated cleavage activity of endogenous human telomerase. DNA primer extension assays were performed with the indicated oligonucleotides using RRL-reconstituted telomerase enzyme (lanes 1, 5, 9, 13) or enzyme partially puri®ed from 293 cell extracts (lanes 2±4, 6±8, 10±12, 14, 15). The 3¢-end radiolabeled 5¢-biotinylated primers, (T 2 AG 3 ) 3 and (T 2 AG 3 ) 4 , migrate, respectively, as 19 and 25mers at the positions indicated by the arrows. Numbers represent the lengths of the elongation products.
Cleavage of telomeric primers by S.cerevisiae telomerase to generate labeled products shorter than the input primer by up to eight nucleotides has also been reported though a function for the cleavage of telomeric substrates has not been determined (24) . We propose that a requirement for the cleavage of telomeric primers in vivo might be to generate a preferred substrate for human telomerase. For example, de novo telomere formation in E.crassus is extremely precise, with new telomeres initiating with the sequence 5¢-GGGGTTTT-3¢ (41) . S.cerevisiae also initiate telomere formation with TG 1±3 repeats (42) . As cleavage of the primer ending in 5¢-GGGTTA-3¢ is reduced, we suggest that new telomeres in human chromosomes might initiate with the sequence 5¢-GGGTTA-3¢. However, cleavage of the telomeric primer (AG 3 T 2 ) 3 was also reduced. Human telomerase can also add different permutations of the human telomeric sequence to primers derived from the chromosome 16 breakpoint sequence (43) . Thus the reduced cleavage of certain telomeric primers may not indicate that they are preferred substrates for elongation by telomerase. Alternatively, such primers may preferentially align such that their 3¢ sequences do not extend beyond the 5¢-end of the template.
Characterization of the human telomerase-dependent nuclease of telomeric substrates revealed that cleavage may occur by an exonucleolytic mechanism. Our ®ndings were somehow unexpected as primer cleavage by endogenous E.crassus and S.cerevisiae telomerases occurs by an endonucleolytic mechanism (25, 27) . We obtained similar results whether we used RRL-reconstituted or partially puri®ed native human telomerase enzyme. Though our results suggest that cleavage occurs by an exonucleolytic mechanism, our ®ndings using the primer (T 2 AG 3 ) 2 T 2 A*G 3 T 2 AG 3 were also surprising, as an internal nuclease-resistant modi®cation should not have affected the cleavage that can occur at the 3¢-end of the primer. The modi®cation does not appear to alter the primer alignment with the RNA template, since all the modi®ed primers were ef®ciently elongated by RRL-reconstituted and endogenous telomerases to generate the expected six nucleotide product pausing pattern. However, one possibility may be that (T 2 AG 3 ) 2 T 2 A*G 3 T 2 AG 3 aligns only with the modi®cation opposite to the 5¢-end of the template that dictates cleavage. Another possibility may be that cleavages at the multiple sites are not independent, and abolishing cleavage at the internal site may affect cleavage at the more 3¢-terminal site. Alternatively the modi®ed primers may preferentially align at the 3¢-end of the template and are not substrates for a cleavage-mediated reaction that is dependent on primer alignment at the RNA template 5¢-end. If either of these scenarios are indeed occurring, we must also consider the possibility that such events may be consistent with an endonucleolytic mode of action.
Difference between RRL-reconstituted telomerase enzyme and native enzyme
In our study, we found that processivity and cleavage differed between RRL-reconstituted human telomerase and native enzyme. The reconstituted enzyme complex could be lacking required associated regulatory factors and/or be assembled in a different conformation. As for Tetrahymena telomerase, RRLreconstituted human enzyme was less processive than endogenous telomerase (31, 37, 38) . Using the primers (G 2 T 2 AG) 3 or (G 2 T 2 AG) 4 , the native enzyme generated mainly primer-sized products, consistent with cleavage of similar substrates ending in G 3 T 2 G by endogenous Tetrahymena telomerase (20) . These results suggest a preferential binding of these primers at the 5¢-end of hTR in the native enzyme, and do not support the alignment of such primers beyond the 5¢-end of the template. This is in contrast to the results we obtained using RRL-reconstituted enzyme where cleaved products were consistent with the primers aligning beyond the template 5¢-end. Moreover, the relative amount of cleaved versus elongated products derived from (T 2 AG 3 ) 3 and (T 2 AG 3 ) 4 is less for the native enzyme than the RRL-reconstituted enzyme. The cleavage, particularly marked for the RRL-reconstituted complex, may result from a high frequency of stalling by the human telomerase at several positions along the RNA template. We speculate that the nuclease activity may be an error-correcting mechanism or a way of rescuing pause/arrested complexes, which facilitates the elongation of DNA substrates (44) . The native enzyme or telomerase-associated factors may more stringently regulate the alignment and binding of DNA substrates with the RNA template. Further studies will be required to better characterize the human telomerase-mediated cleavage activity and the dependence of this activity on the minimal telomerase components (sequence or structure of hTERT or hTR) and/ or additional protein components.
